Little information is available regarding red wood ant (RWA; Formica rufa group) impacts on soil carbon (C) and nitrogen (N) cycling in forest ecosystems. We found that RWA mound density (number per ha) was linked to forest tree species composition, slope aspect, and canopy closure. The size of RWA mounds was positively correlated with successional age of the stands. C and N concentrations of mound material were significantly higher than in the forest floor, while C:N ratios were not. RWA mound C and N pools were found to be significantly lower (Յ990 kg C/ha and Յ21 kg N/ha) than in the forest floor. RWA mounds were ''hot spots'' for CO 2 emissions ranging from 12.4 (mid July) to 3.5 (early September) times higher than the adjacent forest floor. Overall, they contributed 0.7-2.5% to total forest soil CO 2 emissions. Consequently, the contribution of RWA to total forest soil C and N pools and forest CO 2 emission is minor and likely not important when calculating or modeling C and N pools or C fluxes. Yet, RWAs increase the spatial heterogeneity of soil C and nutrients and alter the flow of energy within their habitat.
INTRODUCTION
Ants are important components of most soil invertebrate communities. Besides their large contribution to biodiversity (Agosti et al. 2000) , they are considered ecosystem engineers that alter the flow of energy and nutrients through terrestrial ecosystems (Jones et al. 1994) and provide habitats for other species (e.g., Hö lldobler and Wilson 1990) . While some research has been conducted on the role of ants on soil pedoturbation (overview in Lobry de Bruyn 1999), little is known on their influence on soil processes. While all soil-inhabiting ants have belowground nests, some species build an aboveground nest component composed of litter collected from the surrounding forest floor (e.g., Wisniewski 1976 , Cherix 1986 ). These aboveground nests (mounds) can reach up to 2 m in height and 4 m in diameter (Gö sswald 1989a) . While only a few species of these organic-mound-building ants are found in North America (e.g., Formica exsectoides Forel, Formica obscuripes Forel; Wheeler 1960, Bishop and Bristow 2001) , mound-building ants (Formica rufa group) Manuscript are ubiquitous in European conifer and mixed-conifer forests (e.g., Gö sswald 1989a, b) .
Because of their wide occurrence in European forests, these ants, collectively called red wood ants (RWA), have been the focus of extensive research on their social structure (Gö sswald 1989a), geographical distribution and density (e.g., Kissling 1985) , population dynamics and behavior (Klimetzek 1981) , and their impact on biodiversity (Laakso and Setälä 1997 , 2000 , Hawes et al. 2002 . RWAs have also been found to impact tree growth by feeding on leaf defoliators and protecting sap-sucking leaf aphids (Laakso and Setälä 2000) .
Many studies have reported mound density (number of mounds per ha) or mound size from a wide range of European forests: Austria (Eichhorn 1963) , Belgium (Ceusters 1979) , Czech Republic (Frouz et al. 1997) , Finland (Laakso and Setälä 2000) , France (Torossian et al. 1979) , Germany (Travan 1998) , Great Britain (Sudd et al. 1977) , Ireland (Breen 1979) , Italy (Pavan 1962) , Spain (Ceballos and Ronchetti 1965) , and Sweden (Lenoir et al. 2001) . However, many of these RWA studies did not have extensive mound inventories or give detailed information on stand age and tree species composition. Some individual RWA mound sizes and volumes were reported, but these measurements were not the main focus of most studies (Sudd et al. 1977 , Ceusters 1979 , Torossian et al. 1979 , Coenen-Stass et al. 1980 , Frouz et al. 1997 ). 6  96  2  1  1  43  14  165  25  1659  Larch/mountain pine  2  35  62  1  2  46  19  168  34  1275  Mixed  5  17  1  32  34  16  54  25  200  42  784  Stone pine  3  3  63  25  8  1  63  27  236  54 Although mound density of RWAs can be high (up to 18 mounds/ha) in certain forest types (Raignier 1948 , Ceballos and Ronchetti 1965 , Gris and Cherix 1977 , Cherix and Bourne 1980 , very little is known about the contribution of these mounds to forest soil carbon (C) and nitrogen (N) pools and soil processes. The chemical composition of RWA mound material differs considerably from the surrounding forest floor (Lenoir et al. 2001 ) and mineral soil (Frouz et al. 1997 , Laakso and Setälä 1998 , Lenoir et al. 1999 . Higher numbers of soil microorganisms are present in RWA mounds than in the adjacent forest floor and mineral soil (Gösswald 1989a, Laakso and Setälä 1998) . In addition, respiration from microorganisms and RWAs living in mounds, estimated to range from 200 to 10 000 ants/ dm 3 mound material (Kneitz 1965 , Coenen-Stass et al. 1980 or 500 000-1 000 000 or more ants per mound , Gö sswald 1989a , may be an important source of CO 2 emissions. However, no information is available on total C and N contents or the amounts of CO 2 given off by RWA mounds. Consequently, studies on belowground C and N pools (e.g., Perruchoud et al. 1999 , Vucetich et al. 2000 , Ritter et al. 2003 ) and CO 2 emissions in European conifer forests (e.g., Widén 2002 , Pumpanen et al. 2003 , Subke et al. 2003 ) did not consider the contribution of RWA mounds in their calculations. Therefore, the objectives of our study were to (1) determine RWA mound density (numbers per ha) and mound volume in four different conifer forest types in the Central European Alps, (2) estimate the contribution of RWA mounds to soil C and N pools in these forests, and (3) compare CO 2 emissions from RWA mounds to the surrounding soil surface.
SITE DESCRIPTION
This study was conducted in the Swiss National Park (SNP), located in the southeastern part of Switzerland. The park covers an area of 170 km 2 with elevations ranging from 1350 to 3170 m above sea level. Mean annual precipitation and temperature are 925 Ϯ 162 mm and 0.2 Ϯ 0.7ЊC (mean Ϯ 1 SE, measured at the park's weather station in Buffalora at 1980 m above sea level). Forests composed of mountain pine (Pinus montana Miller), Swiss stone pine (Pinus cembra L.), European larch (Larix decidua Miller), Scots pine (Pinus sylvestris L.), and Norway spruce (Picea abies (L.) Karst.) cover 50 km 2 of the SNP. The early-successional forests are nearly pure stands of mountain pine; these are replaced by mixed-conifer stands. Most mixed forests contain all five conifer species, but stands dominated by larch/mountain pine are also found. The mixed forests are replaced by late-succession stone pine or stone pine/larch stands (Risch et al. 2003 (Risch et al. , 2004b .
As part of a continuing study on long-term forest dynamics, 16 forest stands were selected in proportion to their abundance in a 1957 forest inventory (Kurth et al. 1960) . Six stands were dominated by mountain pine, two by larch/mountain pine, five contained all five tree species (''mixed''), and three were comprised of Swiss stone pine/larch (''stone pine''). A description of the stands studied is presented in Table 1 . More detailed information on stand selection and soil sampling can be found in Risch et al. (2003 Risch et al. ( , 2004a .
METHODS

RWA mound and forest floor sampling
In each forest stand, RWA mounds were tallied in a 20 m radius circle around 16 systematically distributed sampling points (systematic grid of 70 ϫ 70 m or 40 ϫ 40 m, depending on stand size). Mound volume and surface area were calculated from height and two perpendicular diameters measured on each mound using the equation of half an ellipsoid (Sudd et al. 1977 , Ceusters 1979 , Gö sswald 1989b . Samples for mound bulk density (BD) and chemical analyses were collected from six average-sized mounds per stand type (total of 24 mounds). One 150-cm 3 sample (core diameter 6.5 cm) was taken at 0-10 cm and at 10-20 cm from the top of each mound. Since extensive RWA mound disturbance is restricted in the SNP, we were only able to collect one 150-cm 3 sample near the mound center (40-50 cm from top) from three mounds per stand type. Three circular forest floor samples (700 cm 2 ) were collected at the center of each of the 16 stands. All RWA mound and forest floor samples were oven dried at 65ЊC, ground to pass a 0.5 mm mesh screen, and analyzed for total C and N on a LECO induction furnace at 1000ЊC (LECO Corporation, St. Joseph, Michigan, USA). Subsamples were dried at 105ЊC to correct bulk density calculations. Organic matter (OM) content was determined by loss-of-ignition at 425ЊC (Ben-Dor and Banin 1989).
IMPORTANCE OF WOOD ANTS FOR FOREST SOILS
CO 2 emissions
We measured CO 2 emissions with a PP-System EGM-4 infrared gas analyzer (PP-Systems, Hitchin, Hertfordshire, UK) on four mounds nearest to the stand center in each forest type (total of 16 mounds). Thirteen measurements were taken on two transects across each mound ( Fig. 1 ) every second week from late June until mid-September (six sampling periods). Soil CO 2 emission from the soil surface was also measured in each forest stand using the EGM-4 infrared gas analyzer on PVC collars inserted at five locations after snowmelt ( Fig. 1 ).
Statistical analyses
Differences in number of RWA mounds, mound BDs, mound and forest floor C and N concentrations, and pools among the different stand types were tested using a one-way ANOVA followed by a Tukey posthoc test for pairwise comparison (differences were considered significant at P ϭ 0.05). Because RWA mounds from the same stand may not be independent from each other, we used a nested ANOVA (stand within stand type) followed by Tukey pairwise comparison to test whether individual mound parameters (height, diameter, volume) differed among the four stand types. Number count data (number of RWA mounds/ha) were square-root transformed, while height, diameter, and volume were log transformed before analysis to increase normality and to reduce heterogeneity of variance. Differences between average RWA mound and forest floor CO 2 emission of the four stand types were analyzed with a t test for pairwise comparison using the data pairs for each measuring period. Overall differences in CO 2 emissions of RWA mounds and forest floor among stand types were analyzed using repeatedmeasures ANOVA. A one-way ANOVA followed by contrast analysis was used to test differences among the four different measurement height groups (top, onethird, two-thirds, bottom). CO 2 emission data were log transformed for all analyses to increase normality. Re- gression analysis was used to assess the correlation between RWA mound CO 2 emission and mound size (volume and surface area).
RESULTS
RWA mound density, size, and volume
A total of 242 RWA mounds were recorded within the 16 forest stands studied. The number of mounds per hectare differed significantly among the forest types ( Table 2 ). The highest numbers were found in mixedconifer forests, which also had the highest tree species diversity of the four stand types we sampled (Table 1) . RWA mound height (P ϭ 0.06) and diameter (P ϭ 0.07) were not significantly different among our four stand types, but individual mound volumes in the stone pine stands were significantly larger than in the mountain pine and mountain pine/larch stands. However, when calculated on a per-hectare basis, total RWA mound volumes did not significantly differ among the stand types (P ϭ 0.14).
RWA mound C and N pools
Bulk densities at different RWA mound depths (0-10 cm, 10-20 cm, 40-50 cm) were not significantly different within each stand type. Therefore, we used an average mound BD to calculate mound C and N pools for each forest type (Table 3) . Similar to BDs, C and N concentrations of our mound samples taken at different RWA mound depths did not differ significantly, and so we again used average stand type values to calculate mound C and N pools. RWA mounds in larch/mountain pine stands had significantly higher OM concentrations than mounds in the other stand types, but N concentrations and C:N ratios were similar among stand types. Mound C only differed significantly between the mountain pine and the mountain pine/larch stands. C and N concentrations of RWA mounds were generally higher than the surrounding forest floor, but C:N ratios were similar.
RWA mound C and N pools were significantly higher (C, P Ͻ 0.001; N, P Ͻ 0.001) in stone pine stands, but did not differ among the other three stand types (Table  3) . Expressed on an area basis, the amounts of C and N in RWA mounds were only a fraction of C and N stored in the forest floor, ranging from 0.6% to 5% (Table 3 ). If C and N present in the surface mineral soil (0-20 cm) is also included (Table 1) , the contribution of RWA mounds to total soil C and N pools is Ͻ2%. RWA nests also extend into the mineral soil, which has higher soil C and N contents than non-mound soil (Malozemova and Koruma 1973, Hulugalle 1995; Swiss National Park, unpublished data) . However, the volume of mineral soil affected by RWA mounds is so small that it would not change the relationship of RWA mounds to total soil C and N pools.
CO 2 emissions
Average CO 2 emission for 16 RWA mounds ranged between 0.8 and 8.6 g CO 2 ·m Ϫ2 ·h Ϫ1 over six sampling periods, but did not differ significantly among the four stand types (P ϭ 0.24) due to large variability among mounds within each type. In general, CO 2 emissions were correlated to mound volume (r ϭ 0.50, P ϭ 0.046) and surface area (r ϭ 0.58, P ϭ 0.01), were highest at the top of the mounds, and significantly decreased (P Ͻ 0.005 for all comparisons) with declining measurement height (top Ͼ one-third Ͼ two-thirds Ͼ bottom). Emissions from RWA mounds and forest floor showed a seasonal trend (P Ͻ 0.001), both peaking in July and decreasing towards early September (Fig. 2) .
Compared to the soil, RWA mounds were ''hot spots'' for CO 2 emissions (P Ͻ 0.001), ranging from 12.4 (mid July) to 3.5 (early September) times higher than the adjacent forest floor (Figs. 2 and 3) . However, total RWA mound surface area in the four stand types were low (9 to 32 m 2 /ha), and contributed only 0.7-2.5 % of the total soil CO 2 emissions measured over the sampling period. Consequently, RWA mounds likely are not an important source of CO 2 in the four forest types studied.
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DISCUSSION
RWA mound density, size, and volume
We found the highest RWA mound density in our south-southeast-exposed mixed-conifer forests. These results confirm findings from previous studies, which reported that (1) higher tree species diversity favors the development of RWA mounds by increasing the number and type of leaf aphids and other RWA food sources (Gö sswald 1989a, b, Laine and Niemelä 1989) , and (2) south-southeast-exposed slopes provide more suitable temperature and moisture conditions for RWA colonization (Forel 1920 , Klimetzek 1970 , Bretz 1971 , Sossna 1973 , Travan 1998 . In contrast, a combination of minimal tree species diversity and high surface soil temperatures (ϳ60ЊC; Swiss National Park, unpublished data) associated with relatively low canopy closure, probably was the cause for the low mound numbers in the mountain pine stand type (Adlung 1966 , Kissling 1979 , Travan 1998 . Low temperature in the dense canopy, north-exposed stone pine stand type likely resulted in fewer but larger RWA mounds per hectare (Klimetzek 1970 , Sossna 1973 , Gö sswald 1989a . The stone pine stands were also the oldest stands that we sampled, and likely contain older RWA mounds than younger, early-successional forests. RWA mounds usually increase in size as colonies become older (Wellenstein 1928, Gö sswald 1989b), but little is known on the relationship of mound size to stand age in different forest types. Only a few studies have reported the age of forests in which the RWA mounds were located (Sudd et al. 1977 , Cherix 1980 , Punttila 1996 .
RWA species distribution could also be a factor in the mound size differences we found. Dethier and Chérix (1982) showed that two RWA species (Formica lugubris ZETT. and Formica aquilonia YARROW) are present in the SNP forests. However, no correlation has been reported between mound size and RWA species (Sossna 1973 , Gö sswald 1989a , and is likely not related to RWAs mound size in the stand types.
Comparing our results from the SNP to other studies is difficult, since limited information is available on RWA in European subalpine forests (Table 2) . Torossian et al. (1979) reported mound numbers for highelevation forests in France containing both stone pine and mountain pine, but information on tree species composition, slope aspect, and canopy closure in their stands were incomplete. A similar situation was found in the RWA study by Kneitz (1965) for high-elevation Austrian forests containing stone pine and larch. Eichhorn (1963) gave qualitative descriptions of the stone pine/larch stands he studied in Austria, but again, quantitative stand data were not reported. The same lack of stand and site information was found for many RWA studies conducted in other forest types at lower elevations (Table 2 ).
In general, most studies have shown that RWA prefer conifer forests or mixed conifer-hardwood stands over pure hardwood stands (Gö sswald 1989b; Table 2 ). Low mound densities found in some low-elevation German and Austrian conifer or mixed conifer/hardwood stands during the 1960-1970 time period (Eichhorn 1963 , Kneitz 1965 , Wellenstein 1967 , Klimetzek 1981 ) seem to contradict this general pattern. However, these stands were intensively managed and fragmented during the 19th and 20th century, were subjected to severe air pollution, and experienced extensive RWA mound destruction after the Second World War (Kneitz 1965 , Gö sswald 1989b , Travan 1998 ). We did not find newer studies from these forests to determine if RWA populations have increased since 1960-1970.
RWA mound C and N pools
Even though RWA mounds have higher C and N concentrations than the surrounding forest floor and mineral soil, they do not contain significant amounts Ecology, Vol. 86, No. 2 of total soil C and N in the forest ecosystems studied. However, RWAs periodically abandon their mounds when, e.g., the queen in a single-queen mound dies (e.g., Formica rufa L.), microclimatic conditions change during stand development, or food resources become scarce (Gö sswald 1989a). This cycle of mound building and destruction would increase the spatial heterogeneity of soil C and nutrients throughout the ecosystem, which, in turn, eventually would increase plant biomass and productivity as suggested by Hutchings et al. (2003) . Unfortunately, no information is available on mound abandonment rates, how fast abandoned mounds decompose, and how they impact soil C and N pools over long time periods.
Very little information is available on BD, OM, C, and N contents in RWA mounds. Our BD values are similar to RWA mounds in Finland (L. Finér and T. Domisch, personal communication) and Germany (Coenen-Stass et al. 1980) . Gö sswald (1989a) reported a higher RWA mound BD of 210 kg/m 3 , but did not give any information on how this value was obtained or the numbers of mounds sampled. Lenoir et al. (2001) reported variable results for OM, C, and N concentrations in samples taken from RWA mounds and forest floor in Swedish Scots pine and Scots pine-Norway spruce stands (Table 3 ). In laboratory experiments, Lenoir et al. (2001) and Frouz (2000) found that decomposition rates of OM from RWA mounds were very slow when incubated under temperatures (15ЊC) and moisture conditions (15% water-holding capacity) sim-ilar to the inside of mounds. Frouz et al. (1997) found higher C concentrations in a RWA mound than in the surrounding forest floor of a Norway spruce plantation in the Czech Republic. Similar results were reported by Laasko and Setäla (1998) for percent OM in mounds and forest floor from mixed conifer forests in Britain. However, in neither of these studies were OM, C, and N amounts in individual RWA mounds calculated or total RWA mounds pools estimated on an area basis.
CO 2 emissions
The RWA mound emissions measured in our study can come from three sources: (1) respiration of RWAs and other invertebrates living in the mounds, (2) plant roots that grow into or beneath the mounds, and (3) microbial decomposition of mound OM (Gö sswald 1989a, Lenoir et al. 2001 , Pävinen et al. 2002 . Even though mound temperatures have been reported to range between 15 and 28ЊC during most of the active season (Zahn 1957 , Gö sswald 1989a , Frouz 2000 , decomposition rates of OM material are limited by low water content (Lenoir et al. 2001) . Frouz (1996 Frouz ( , 2000 reported gravimetric moisture contents of 4-70% in RWA mounds in Poland, while volumetric moisture contents of 2-5% were found in Finnish RWA mounds (T. Domisch and M. Ohashi, personal communication). Root respiration by vascular plants is also likely to be very low, since RWA are quite effective in preventing plants growing on or close to the mounds (Gö sswald 1989a). Therefore, the vast majority of CO 2 emissions measured in our study likely came from the respiration of RWA and other invertebrates living in the mounds.
While other groups of invertebrates live in RWA mounds (e.g., Hö lldobler and Wilson 1990, Laakso and Setälä 1997) , almost no information is available on their population size or on respiration rates. Studies conducted on RWAs workers (Formica rufa L.) reported an average respiration rate of 1.14 ϫ 10 Ϫ5 g CO 2 ·h Ϫ1 ·worker Ϫ1 (6.5 L/h) at 25ЊC (Holm-Jensen et al. 1980) . Thus, 500 000 to 1 million RWAs in large mounds , Gö sswald 1989a could produce 5.7-11.4 g CO 2 ·mound Ϫ1 ·h Ϫ1 . While we do not know what percentage of the RWA colony was away from the mound when we measured CO 2 , our measurements of 2.8-15.3 g CO 2 ·m Ϫ2 ·h Ϫ1 for mounds larger than 1 m 3 , sampled on a warm summer day (beginning of August), are similar to these calculated rates.
RWA respiration would explain the higher CO 2 emissions from the upper third of the mound surface where the breeding chamber (''heat core'') is located (Gö sswald 1989a). RWAs maintain temperatures of 25-30ЊC in this part of the nest by ''bringing'' heat from the mound surface into the center using their bodies as heat-carriers (Frouz 2000) . This is especially important in spring, when large numbers of RWAs continually move from the warm surface to the colder interior of the mound , Gö sswald 1989a . Thus, our spatial measurements would generally reflect the numbers and activity of RWAs in different parts of the mound during our sampling period, as is shown for one mound in Fig. 3 . In contrast, the seasonal changes in RWA mound CO 2 emission are likely associated with overall changes in RWA activity related to mound temperatures (Heimann 1963 ). Lower soil temperatures (air/soil) in the late summer/early fall are likely responsible for the seasonal trend found in forest floor emissions (e.g., Pumpanen et al. 2003) .
The importance of RWAs for CO 2 emissions and C and N cycling
Even though the contribution of RWA mounds to forest soil C and N pools was not found to be very large in the ecosystems we studied, RWAs increase the spatial heterogeneity of C and nutrients by assembling and consuming high amounts of prey and honey dew in their mounds (Rosengren and Sundströ m 1987 , Gö sswald 1989a , Hö lldobler and Wilson 1990 . They also increase habitat availability for other invertebrate species, which likely leads to higher forest biodiversity (McArthur and Wilson 1967) . Thus, RWAs create ''keystone structures,'' which are defined as spatial features that provide resources and habitat for other species (Tews et al. 2004) .
Unlike termite nests, which were reported to contribute significant amounts of CO 2 to the atmosphere (Zimmermann et al. 1982 , Khalil et al. 1990 , Konaté et al. 2003 , RWA mounds added little to total soil CO 2 emissions in the subalpine forests studied. Similar results were reported for mineral-mound-building fire ants (Solenopsis invicta [L.] Buren) in the southeastern United States (Bender and Wood 2003) . Thus, ant mounds do not seem to be an important factor when calculating or modeling regional, national, or global CO 2 budgets. However, more research on other ant species is needed, especially in the tropics, where ant biomass and diversity are much higher than in temperate and boreal ecosystems (Hö lldobler and Wilson 1990, Agosti et al. 2000) , and their contribution to soil C and nutrient pools and soil CO 2 emissions may be larger.
